The glut of fissile material from reprocessing plants and from the conclusion of the cold war has provided the opportunity to design new fuel types to beneficially dispose of such stocks by generating useful power. Thus, in addition to the normal reactor core complement of enriched uranium fuel assemblies, two other types are available on the world market. These are the ERU (enriched recycled uranium) and the MOX (mixed oxide) fuel assemblies. Framatome ANP produces ERU fuel assemblies by taking feed material from reprocessing facilities and blending this with highly enriched uranium from other sources. MOX fuel assemblies contain plutonium isotopes, thus exploiting the higher neutron yield of the plutonium fission process. This paper describes and evaluates the gamma, spontaneous and alpha reaction neutron source terms of these non-irradiated fuel assembly types by defining their nuclear characteristics. The dose rates which arise from these terms are provided along with an overview of radiation protection aspects for consideration in transporting and delivering such fuel assemblies to power generating utilities.
INTRODUCTION
Generally the characteristics of enriched natural uranium based nuclear fuel are well known, and the unusual radiation signature and properties of other types of nuclear fuel are familiar to those who produce and market such fuel assemblies or who are involved with spent fuel reprocessing. However, those who are responsible for the radiation protection of station personnel or organise the transport and delivery of such fuel are not quite so acquainted with the differences from the more usual nonirradiated enriched uranium fuel. This paper is directed to providing an overview and background of the new fuel types to assist those responsible for radiation protection by defining the nuclear characteristics of such relatively new fuel types.
SOURCE STRENGTHS
First, since the reference type of fuel is from enriched natural uranium, its characteristics and source terms will be dealt with first. Since fresh enriched natural uranium fuel is regarded as insignificant with regard to dose rate and its fuel assemblies can be handled without special health physics precautions, its characteristics are not often described in the literature. The source terms for a typical enrichment are provided in Table 1 .
As can be seen, the sources are not restricted to uranium alone. In fact the decay products of 238 U, namely palladium, are responsible for half the source term. These decay products are in an equilibrium state. Not included in this table is the decay product 234 Th, which is of the same specific activity as 234 Pa m , but emits little significant radiation on decay. Also not of significance is the generation of neutrons, although present, with a source strength of $10 5 neutrons m À3 s À1 . The decay of the palladium nuclides emits gamma radiation and is responsible for 95% of the dose rate from an enriched natural uranium fuel assembly. The important fact to note is that this arises basically from the 238 U in the fuel. Thus, the dose rate is virtually constant and depends only weakly on the 235 U enrichment in this sort of fuel.
For the other fuel types the picture changes. Both the new types of fuel, enriched recycled uranium (ERU) and mixed oxide (MOX), contain products from the spent nuclear fuel reprocessing process.
MOX fuel contains a low percentage of plutonium and it is this percentage and the nuclide vector which determine its nuclear characteristics. By nuclear vector is meant the plutonium isotopic composition within the plutonium mass. Table 2 provides the source terms for a typical enrichment, this time owing to plutonium.
As can be seen on comparison with uranium enrichment, the specific activities are substantially greater. It is unsurprising that this type of fuel generates a significant dose rate with both gamma and neutron components. The americium term is always present as this is a decay product of 241 Pu,
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DOSE RATES AND SHIELDING
Given the source terms, the gamma and spontaneous neutron source strengths are easily evaluated from standard works. The neutrons from alpha reactions were determined from the simplified method provided in Ref. (1) . Table 3 provides a comparison of the three types of nuclear fuel in the non-irradiated state for fuel assemblies produced by Framatome ANP. The MOX compilation also includes some measurements; hence ranges are given. The gamma energy emitted by the fuel is to a great extent in the low energy range, <0.1 MeV. For this reason the calculations do not allow for homogenisation of the source model, as this would artificially raise the low energy emitters to the surface and so produce an overestimate in the calculation. For the same reason the thickness of the fuel rod cladding is of significance and cannot be neglected. This implies also that the dose rates for a Boiling Water Reactor (BWR) fuel assembly are lower, although it contains the same fuel mixture, because the fuel region is surrounded by a metal casing. The fuel assemblies are also smaller, which is a second reason for lower local dose rates.
Thus, calculation of dose rates for such fuel assemblies must be based on a suitable code that can reproduce in the model the exact geometry. Qualified codes such as MCNP (2) , MCBEND (3) and RANKERN (4) are examples.
RADIATION PROTECTION
Given the characteristics of these new fuels, it can be seen that restrictions have to be adopted which do not apply to normal uranium fuel. First, it can be recognised that, owing to source term buildup from decay characteristics, the exact date of separation from the reprocessing stream is important. Unlike other nuclear sources, where one important radiation protection aspect is to wait and let the decay process reduce the dose, it is advisable to manufacture and deliver the ERU and MOX nuclear fuel as soon as possible after separation.
With ERU fuel, manufacturing restrictions have to be placed on the 232 U content and on the impurity content. Otherwise dose rates can be generated which will easily exceed those of MOX fuel assemblies.
With MOX fuel assemblies, substantial numbers of neutrons are generated. These arise from both spontaneous fission and (alpha, n) reactions with oxygen atoms in the fuel. This means that the transport of such assemblies must involve casks also made of neutronic shielding. Indeed, at the present time new transport casks, such as the MX6 and M4/ M12, are undergoing qualification for this very purpose.
Usually, on arrival at the power utility the uranium fuel assemblies are released manually from their transport holders. As this takes time and involves close contact with the assemblies, some thought should be given to As Low As Reasonably Achievable (ALARA) measures for the new ERU and MOX types. This can involve a tailor-made shield which can be put in place and removed by a crane, but which allows individual access to the assemblies while providing protection from the remainder.
Inspection for damage during transport is important. This is performed in close contact with the fuel assemblies. Therefore the dose per inspection which lasts $10 min is high in comparison with the inspection of normal uranium assemblies. This is an example of avoidable dose. If the despatch inspection showed no damage at the factory and the accelerometers on the transport vehicle have not responded, then no transport damage can be present and the inspection can be omitted. If regulations are inflexible, thought can be given to the use of cameras for the inspection as an alternative. Finally, storage for the new fuel should take into account the enhanced radiation level. ERU and MOX fuel assemblies should be stored away from the normal fuel assemblies or be shielded.
